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We present a new approach for simulation of unsteady flow problems that include interaction between different 
time-scale phenomena. Such problems require computations that capture the details in the short time scale and 
span over long time periods to represent the long time-scale phenomena. However, it is hard to obtain such solu-
tions in a reasonable amount of computing time. In such cases, typically longer time-scale phenomena are ignored 
or assumed not to change while the short time-scale phenomena are computed. 
 
One of the reasons for the difficulty in computing unsteady problems in a reasonable amount of time is that typi-
cally parallel computations are limited by the number of unknowns we can solve simultaneously. The number of 
unknowns is related to the spatial and temporal resolutions. The spatial resolution, which is the grid spacing, is 
determined by the geometric complexity and the nature of the flow patterns we want to resolve. The temporal 
resolution, which is the time-step size, is determined by the boundary motions, time-scale of the flow fluctuations, 
and the overall accuracy of the wave propagation. In unsteady computations, we have to evaluate the solution time 
step by time step. Parallel computation requires communication between the computer nodes. The communication 
cost should not dominate the arithmetic-operation cost for a computer node. Therefore, the minimum number of 
unknowns assigned to a computer node is determined by the number of required arithmetic operations per unknown. 
This in turn determines the number of computer nodes that can be used in parallel, and there is no benefit in using 
more nodes than that. 
 
To shorten the computing time, we need to reduce the number of time steps by increasing the time-step size. 
Generally, the wave propagation accuracy depends on the Courant–Friedrichs–Lewy (CFL) number, which is the 
non-dimensional time to propagate the information between adjacent grid points. Usually, higher CFL numbers 
lead to less accuracy. To keep the CFL number at a reasonable level, we should have larger grid spacing if we want 
larger time-step sizes. The only way to maintain the spatial resolution while increasing the grid spacing is to use 
higher-order functions. 
 
In this thesis, we propose to use space–time (ST) computational methods with isogeometric discretization, giving 
us higher-order accuracy in space and time. The Deforming-Spatial-Domain/Stabilized ST (DSD/SST) method 
was introduced for computation of flows with moving boundaries and interfaces (MBI), including fluid–structure 
interaction (FSI). In MBI computations the DSD/SST functions as a moving-mesh method. Moving the fluid me-
chanics mesh to follow a fluid–solid interface enables mesh-resolution control near the interface and, consequently, 
high-resolution representation of the boundary layer. The numerical stabilization components of the DSD/SST are 
the Streamline-Upwind/Petrov-Galerkin (SUPG) and Pressure-Stabilizing/Petrov-Galerkin (PSPG) stabilizations, 
and therefore it is now called the ST-SUPS. Computational analysis with isogeometric discretization, typically 
using non-uniform rational B-splines (NURBS), is called Isogeometric Analysis (IGA). The IGA, introduced in 
2005, integrates computer aided design (CAD) and computational analysis. It is known that NURBS functions are 
very effective in geometry representation and provide better computational stability and accuracy. The ST methods 
involve more computational cost per time step, but that is good for parallel efficiency. The ST methods with iso-
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geometric discretization provide higher-order accuracy in both space and time. Higher-order temporal basis func-
tions provide more accurate representation of surface motions. 
 
The key components of the computational approach are ST Variational Multiscale (ST-VMS) and the ST Slip 
Interface (ST-SI) methods. The ST-VMS is the VMS version of the DSD/SST. The VMS components of the ST-
VMS are from the residual-based VMS method. The ST-VMS method has two more stabilization terms beyond 
those the ST-SUPS method has, and these additional terms give the method better turbulence modeling features. 
The ST-SI allows discontinuous basis functions between NURBS patches without losing accuracy. It is intended 
for FSI and MBI analysis where one or more of the subdomains contain spinning structures, such as turbocharger 
turbines. These ST methods have been developed by our research team. 
 
There are two major method contributions in this thesis in ST computations with isogeometric discretization: a 
general-purpose NURBS mesh generation method for complex geometries and a well-reasoned method for deter-
mining the local (element) length scales needed in the ST-VMS and ST-SI. Though the IGA is known to be pow-
erful in computational analysis, the difficulty of the mesh generation makes its application to flow problems not 
so easy. To make the IGA use more practical in computational flow analysis with complex geometries, NURBS 
volume mesh generation needs to be easier and more automated. We are developing a general-purpose NURBS 
mesh generation method. This is enabling us to use the ST methods and isogeometric discretization with a mesh 
generation burden that is comparable to what one typically faces in conventional methods. We are now successfully 
computing many challenging engineering problems with the ST methods and isogeometric discretization. At the 
same time, in more complex cases, we are addressing additional numerical challenges related to the local length 
scale definition for isogeometric discretization. That motivated the research on a well-reasoned method for deter-
mining the local length scales. In the next two paragraphs, we provide further details on the methods for NURBS 
mesh generation and length scale determination. 
 
The NURBS mesh generation method is based on multi-block-structured mesh generation with existing techniques 
and projection of that mesh to a NURBS mesh made of patches that correspond to the blocks. The method can 
recover the original model surfaces for accurate and robust fluid mechanics computations. It is also expected to 
retain the refinement distribution and element quality of the multi-block structured mesh that we start with. Be-
cause there are ample good techniques and software for generating multi-block-structured meshes, the method 
makes general-purpose mesh generation relatively easy. After that we can refine the mesh without changing the 
geometry. We demonstrate the value of the method with mesh-quality performance studies for 2D and 3D meshes, 
including those for complex models. 
 
In the ST-SUPS and ST-VMS, and other stabilized methods, an embedded stabilization parameter plays an im-
portant role. This parameter involves a measure of the local length scale. Various length definitions are conceivable. 
Here we consider two: element length and spacing between the nodes. In finite element discretization with linear 
elements, the two definitions give the same length. For Lagrange elements, the ratio between the element and node 
based lengths is the polynomial order of the basis function. It is commonly believed that the node based length is 
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a better choice. The nodes of a NURBS element, called “control points,” are not on the physical element, and the 
element and node based lengths have a more complex relationship. We need to find better ways of calculating the 
length scale for NURBS elements. First, we investigate the local length scale determination with 1D test compu-
tations. Next, we introduce a well-reasoned method for calculating the length scale for complex geometries. The 
method enables us, without requiring extra computer storage or costly calculations, to extract the length scale from 
the NURBS meshes. The test computations we present show the value of the new method in obtaining better local 
length scales and, consequently, in improving the solution accuracy. 
 
To summarize, we are developing two important components for the ST computational methods with isogeometric 
discretization. The mesh generation method gives us a practical computational platform. The new local length 
definition can be used for complex geometries without increasing the computational cost and improves the numer-
ical stability and solution accuracy, including, as we have shown, in complex engineering problems. 
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